Abstract: A video technique has been developed to study the motion of individual sediment particles under waves. The technique was developed for moveable bed conditions under waves in the Davidson Laboratory's large wave tank. Experiments were conducted with grain sizes of 1, 2, and 3 mm. All runs were applied to a modified Shields diagram and accurately predicted the region of motion and no motion. This proves that shear stress is an accurate predictor of grain movement initiation for a flat bed. The individual particle velocities were also measured. An ensemble average of particle velocity with respect to wave phase compared well with Sleath's expression for instantaneous bed load transport.
Introduction
Much of the theory applied to coastal bottom boundary layers is borrowed from that of open channel flow, which assumes uniform steady motion. The standard for predicting the initiation of sediment motion was derived from the empirical work of Shields ͑1936͒ who studied the initial motion of sediment in steady flow on a flat bed. Shields offered this relationship.
where = Shields parameter; b = bottom shear stress; = density of the fluid; S = specific gravity of the sediment; d = mean grain size of the sediment; and g = acceleration due to gravity. is the ratio of the shear stress acting on a unit area of the bed to the submerged weight of particles in that same area. Shields graphed values of grain Reynolds number, R * = u * d / along the abscissa, where u * ϭfriction velocity ͑u * = ͱ b / ͒ and ϭkinematic viscosity of the fluid, versus along the ordinate. From this graph a critical Shields parameter cr could be determined for a given grain Reynolds number and movement of the bottom noncohesive sediment occurs when Ͼ cr . From the work of Shields it was deduced that if the shear stress at the bed could be calculated or measured then initiation of sediment motion could be predicted. The bottom shear stress in the presence of waves can be found using the models developed by Jonsson ͑1966͒ and Grant and Madsen ͑1982͒. Rance and Warren ͑1968͒ concluded that both drag and inertial forces are important when determining the threshold of sediment movement under waves. Komar and Miller ͑1973͒ stated that the threshold of movement for sediment grains under unidirectional flow could not be applied to those under an oscillatory flow without considerable error because an accelerating current exerts greater stress than a steady flow. However, Madsen and Grant ͑1975͒ stated that the Shields diagram would function relatively well in predicting the threshold of sediment movement under an oscillatory flow, because the inertial force associated with the fluid acceleration is small when compared to the drag force acting on the sediment. They argued that because the drag force is dominant, the maximum bottom shear stress could be considered the maximum entraining force on a plane horizontal bed. Recent work of Nelson et al. ͑1999͒ suggests that bed shear stress does not accurately predict the bed load sediment transport rate. The ratio of the inertia to drag force increases as the grain size increases. The assumption that the inertia force is negligible therefore may not be valid in environments with large grain sizes. Fox et al. ͑1966͒ and Birkemeier et al. ͑1985͒ measured grain size distribution across the surf zone and found the median grain size to be 5 and 21 mm, respectively.
Using standard formulations for form drag and inertial force, the writers determined that for spherical beads having a diameter of 1 and 4 mm, the ratio of inertial force to drag force for wave conditions typical of the Davidson Laboratory large wave tank ͑wave height, H = 35 cm; wave period, T = 2 s; water depth, h = 1.6 m͒ is equal to 0.08 and 0.32, respectively. It should be noted that fluid accelerations near the bed might impact bed load transport by associated boundary layer kinematics ͑Nielsen 2002͒. However the writers would like to focus their studies on the fluid properties measured outside the boundary layer and the resulting sediment transport.
Determining exactly when threshold of sediment movement has been achieved is rather subjective ͑Komar and Miller 1973͒. Bagnold ͑1946͒ observed the difficulty of maintaining by eye a consistent standard, which would constitute the "first movement" of sand grains on the surface. The scatter is attributable partly to an unavoidable difference in the definition of incipient motion among investigators ͑Tanaka and To 1995͒.
Yalin ͑1972͒ pointed out that the scatter of the experimental points on a Shields diagram is mainly due to the inconsistency in the determination of the critical stage and the fact that sediment with different geometric properties are plotted on the same coordinate system. Currently the initiation of sediment transport is determined from an "average Shields curve" ͑Yalin 1972͒. It is not known how much scatter around the average Shields curve is due to the fact that sediments having various types of grain size distribution curves are plotted on the same graph. Yalin called for a ribbon confined by two Shields curves, each corresponding to the extreme shape of the grain size distribution curve.
The two parameters in the Shields diagram, and R * , both depend on the flow characteristics. The Task Committee on Sedimentation ͑1966͒ suggested that it would be more convenient for application if only one term was a function of the flow characteristics 
ͪͬ ͑3͒
Madsen and Grant ͑1976͒ presented Eq. ͑2͒ for S * , the grain mobility number ͑nondimensional͒ to replace R * and Madsen ͑1999͒ proposed Eq. ͑3͒ to replace the shaded region of the Shields diagram.
One tool in the study of bottom boundary layers and the resulting sediment transport is the moving image. Qualitative ͑McBride et al. 1975͒ and quantitative ͑Sleath 1978; Drake et al. 1988; Williams 1990͒ video measurements have been used to study sediment transport. The benefit of video is the ability to study the motion of the particles without affecting their motion.
The purpose of this paper is to investigate wave induced bed load sediment transport and to study the motion of individual particles due to wave motion. The motion of the individual particles will be studied with the use of a video camera to record their motion and a current meter to document the near bottom fluid velocity. First, the experimental facilities and procedures will be described. The results of the experiments will be summarized and discussed. Finally, conclusions based on these experiments will be formulated.
Experimental Facility and Procedures
The experimental work was conducted in the Davidson Laboratory's large wave tank. The tank measures 95 m in length, 3.7 m in width, and has a maximum water depth of 1.8 m. The dual flap, programmable wave maker is capable of generating waves with heights up to 67 cm and periods up to 5 s. A slotted wood waveabsorbing beach with a slope of 1 on 5 is located opposite the wave maker. A diagram of the layout is given in Fig. 1 .
In order to increase the bottom orbital velocities, a false bottom was constructed of concrete blocks and measured 3.5 m in width, 1.8 m in length, and 0.2 m in height. The front edge of the false bottom was 28.04 m from the wave maker. This created a 20 cm step between the tank floor and the false bottom. However, the effect of this step on the near bed fluid motion was found to be negligible, as will be discussed in the "Results" section.
Wave measurements were obtained with a resistance type wave wire. The wave wire is sensitive to water level changes as small as 1 mm. The wave gauges were set to record at 50 Hz. Wave wires 1, 2, and 3 were placed 17.37, 29.26, and 31.70 m from the wave maker, respectively. Wave generation was limited to a range of 10-15 waves to prevent the generation of a return current from the false bottom towards the wave maker and also to minimize visibility degradation for each run.
Soda lime glass beads were used as the sediment for this experiment. The beads were placed on a plate that measured 30.5 cm in length and 24.5 cm in width. This plate is comparable in size to the one used by Rance and Warren ͑1968͒, which had dimensions 30 cm in length and 45 cm in width. The plate was fastened to the concrete blocks 89 cm from the front edge of the false bottom. The density of all beads as reported by the manufacturer is 2.49 g / cm 3 . The majority of glass beads were painted white and a small number were painted black. Only the darkened particles were tracked.
The near bottom velocity measurements were recorded with a SonTek acoustic Doppler velocimeter ͑ADV͒. The sampling volume of the ADV is a cylinder with a radius of 12 mm and a height of 18 mm. The sampling scheme for the ADV used in all experiments was a sampling rate of 10 Hz, velocity range of ±50 cm/ s, and velocity aligned to XYZ coordinates.
The video camera used to record the bed load transport was a Sony CCD-TR67 with NTSC color video signal and focal distance 4.1-65.6 mm. The video was recorded on a VHS ͑Video Home System͒ tape with a Panasonic AG-7300 videocassette re- corder. Each frame of video could be paused and advanced with no noise in the pause mode. The standard recording rate for color video is 29.97 frames/ s. Video was recorded for the same length of time waves were generated, approximately 10 wave periods for each run.
The video camera was enclosed in an Ikelite housing. The exterior dimensions of the housing are 15 cm by 18 cm by 23 cm deep. A video cable and power cord were run through the housing. The field of view for the camera was 10 cm in the X direction and 15 cm in the Y direction. The ADV was positioned above the plate of particles while the camera was placed 30 cm above the false bottom and 38 cm horizontally from the center of the plate. The sampling volume of the ADV was positioned at the center of the field of view of the camera. Fig. 2 shows the positioning of the ADV, camera enclosure, and sediment bed.
In order to synchronize the motion of sediment recorded on video and the water velocity recorded by the ADV a text display module was employed. Decade Engineering manufactures the BOB-II on-screen display ͑OSD͒ module. OSDs often serve as character overlay generators for data display in remote video inspection systems and remotely piloted vehicles or robots. A program was written in the Perl programming language to transfer the data from the ADV through the laptop computer out to the display module. A flow chart of how the fluid flow and sediment motion are recorded is shown in Fig. 3 .
The only issue that needed to be resolved before the text display unit was put into use was whether there is a delay between when the ADV makes a measurement and when the sample number corresponding to that measurement is displayed on the video. A preliminary test of the system indicated that there is a noticeable delay when sampling at 1 Hz but none at 5 and 10 Hz. The decision was made to sample all tests at 10 Hz.
Video Measurements
Each frame of video used in the data analysis was converted to a digital image using a Videonics Python External Capture Card. The images were saved as 704 by 480 grayscale ͑8 bit͒ Bitmap images. VHS contains between 230 and 250 horizontal lines; however the software was able to capture 480 pixels across the horizontal lines. Scion Image was the software used to handle the digital images of the transport events. The software is based on NIH Image, the popular Macintosh image processing software developed at the National Institutes of Health.
The first step in the video analysis was a spatial calibration of the video. A Canadian grid ͑Wakefield and Genin 1987͒ was placed over the bed of sediment ͑Fig. 4͒. The horizontal and vertical spacing of the white lines is 5 cm and the width of the white stripes is 2 mm.
Four horizontal line measurements, as indicated by letters A, B, C, and D in Fig. 4 , were made across the image between the vertical white strips, a distance of 48 mm. Scion Image reported the number of pixels between the vertical white strips. The pixel resolution along the top edge of the image was 250 pixels/ mm while it was 310 pixels/ mm along the bottom edge. The calibration curve for experiments 1-6 is shown in Fig. 5 . A separate calibration curve was produced for each day of experiments due to the repositioning and zoom of the camera. No distortion was measured in the X direction for such a small field of view, 15 cm by 10 cm. All particles moved only a few millimeters in the y direction, so velocities in the y direction were not measured or incorporated into total velocity measurements. The video signal was output at 30 frames/ s while the ADV recorded at 10 Hz. Only the frames of video when the ADV sample number was updated were captured as images and used for the experiment. Those images were then compiled into a stack ͑Fig. 6͒, so a macro that was written could be performed on all the images. The final images, after the macro was applied, are shown on the right hand side of Fig. 6 .
The macro that analyzed each image contained the following steps: 1. The pixel intensity of each image was inverted. Images are two-dimensional arrays of pixels ͑picture elements͒. Pixels are represented by 8 bit unsigned integers, ranging in intensity value from 0 to 255. Scion Image follows the IBM PC convention and displays zero intensity as black and those with a value of 255 as white. So for each image black was made white and white was made black. This was needed for the next step. 2. Thresholding was applied to the image. Thresholding is used to segment an image into objects of interest and background on the basis of gray level. In thresholding mode all pixels equal to or greater than a single threshold level are displayed in black, and all other pixels ͑the background͒ are displayed in white. If the image had not been inverted the particles of interest after thresholding would be white on a black background and the software would not be able to analyze the particles. The threshold is automatically set based on an analysis of the histogram for the region of interest ͑ROI͒, with a typical threshold being 160 on a scale of 0-255. 3. A ROI is set on the image. This tells the program only to analyze the pixels in the region of interest, which reduces computing time. 4. The particle size range is set. The program ignores any particles above or below the range specified in pixels. The number of pixels that represent a given particle will vary from frame to frame, so it is essential to remove as much background noise as possible to allow the software to track the particles of interest and not background particles that are not removed by the thresholding. 5. The "AnalyzeParticles" function in the software was used to count and label all particles within the size range specified and ROI. The software does not restrict the labeling to only spherical particles; any object within the size range is analyzed. The function labeled each object with a number, calculated the area in pixels, and listed the X and Y position for the center of each particle, all of which was saved in a single text file. The function also labeled each particle in the stack of images to correspond with identified particles in the text file. The output from the "AnalyzeParticles" function was exported to a spreadsheet program. The analyzed stack of images with the numbered particles was used as the guide to parse the position data for each particle into individual files. The X position in pixels was then converted to centimeters using the calibration curve with the average Y position of the particle as input for the calibration curve. The particle velocities were calculated using a centered finite-divided-difference formula ͑Chapra and Canale 1998͒.
Experimental Results
The test conditions are summarized in Table 1 . A total of 25 runs were performed. Only regular waves were produced and each test commenced with a smooth bed of particles. Particle sizes of 1, 2, and 3 mm were used, with only one particle size used for each run. Of the 25 runs, sediment motion occurred on 12 of the runs as noted in Table 1 .
The bottom orbital velocity as predicted from linear wave theory is given by
where a = wave amplitude; = wave angular frequency; and k = wave number. The water depth at wave wire 2 and wave amplitude measured by wave wire 2 were used in Eq. ͑4͒ to compute the predicted bottom orbital velocity. The maximum bottom orbital velocity was measured using the ADV and fitting a sinusoidal least squares curve to the measured bottom orbital velocity. The curve is expressed by
where U = return flow that develops in the wave tank after a series of wave events are run; u bm = maximum bottom orbital velocity; and t = time. U and u bm were the free variables while was specified in the regression. The measured maximum orbital velocity only differed from that predicted by linear wave theory on average by 4% for all runs. Therefore, it was assumed that the presence of the camera enclosure and hard step of the false bottom did not interfere with fluid movement near the test bed.
The ADV sampling volume was between 1.5 and 5 cm from the bed, as noted in Table 1 . This distance was reported by the ADV while in boundary adjustment mode. The ADV can typically detect a boundary within 50 cm for the 5 MHz ADVOcean with an accuracy of ±2 mm. This placed the sampling volume outside of the wave boundary layer for all experiments, which was estimated between 1 and 4 mm using the equation of Jonsson ͑1966͒
where k n = relative roughness; A bm = maximum bottom excursion amplitude; and ␦ = height of the wave boundary layer. The wave friction factor f w , which is needed in the maximum bottom shear stress measurement, can be calculated from several equations. Swart's ͑1974͒ formula was used for these experiments
Values for the wave friction factor may also be predicted using the Grant and Madsen ͑1979͒ theory as a lower bound and Jonsson's ͑1966͒ theory as an upper bound ͑Rankin and Hires 2000͒. Preliminary calculations indicated that the formula developed by Swart ͑1974͒ produced values of wave friction factor lying within this range.
The friction velocity is given by
Substituting the quadratic drag law into bm = 1 2 f w u bm 2
͑9͒
Eq. ͑8͒ yields
The friction velocity was used to calculate the grain Reynolds number R * . The grain Reynolds number along with the relative The data from all experiments were applied to the motion criterion of Shields. and S * were calculated for each run to see if the run fell above or below the critical Shields curve as given by Eq. ͑3͒. As can be seen in Fig. 7 all nonmovement events fell below the curve proposed by Madsen and Grant ͑1976͒ and all but three movement events fall above the line. The three movement events that fall below the curve in fact lie nearly on the curve.
The quantitative threshold of Yalin ͑1972͒ was used to delineate the incipient motion criterion
where n = number of grain movements in a time t over the area ͑A r ͒ of the bed under observation; s = density of the sediment;
and ⑀ was set equal to 10 −5 which corresponds to the commonly quoted cr = 0.06. Setting t =5 s ͑approximately two wave periods for most runs͒ and A r = 5 cm by 5 cm, yields n equal to ten movements for a grain size of 1 mm, two movements for a grain size of 2 mm, and one movement for a grain size of 3 mm. A 5 cm square box was placed over the sediment bed, as shown in Fig. 8 , and the video was examined within this region of interest to determine if the threshold of movement had been reached over the 5 s period.
Video was recorded for every run; however because the video technique was so labor intensive to track individual particles it was only applied to Runs 3, 9, 12, and 13. Table 2 shows the number of particles that were followed for the analyzed runs. The macro described in the "Procedures" section was applied to the runs mentioned above. Particle position as a function of time was the output of the macro used to calculate particle velocity. An example of the output for Run 3 is shown in Fig. 9 and Run 13 is shown in Fig. 10 . The duration of each run was approximately ten wave periods. So there were multiple sections in each run when particles were tracked, not just the time periods shown in the particle position figures. There were several reasons for the discontinuities in the particle position graphs. If a particle left the field of view of the camera the tracking of the particle was ceased. If a particle entered the field of view it was assigned a new particle number even if it was believed to be the particle that just left the field of view. A balance had to be struck between the resolution of the camera and the desire to record particles so they would not leave the field of view of the camera. Decreasing the field of view of the camera would ease the image analysis but at the cost Other reasons for position discontinuities are that a particle would come to rest on the bed and not move again or a darkened particle would come in contact with another darkened particle and the Scion Image software would discontinue the tracking of the particle because it failed the particle size range. The graphs of particle position versus time for the mentioned runs all resemble the shape shown in Figs. 9 and 10. The particle resides on a plateau of no motion and then the particle displaces only to come to rest again on the bed. Perhaps the particle will move again when the shear stress is high enough or it may remain stationary for the rest of the run. Of the 32 particles tracked in the analyzed runs, half would move again after their initial displacement while the other half would remain stationary on the bed after one movement.
The position data from the video were employed to determine the particle velocities. The centered difference method was used to numerically differentiate the position time series to calculate particle velocity. The corresponding graph of particle and fluid velocity for Run 3 is shown in Fig. 11 and Run 13 is displayed in Fig. 12 . Maximum particle velocity varied for each particle. Even though the free stream velocity exhibits a deterministic oscillatory nature, the particle motion exhibits randomness due to its nature. The figures also depict an increase of maximum particle velocity with time once a particle becomes dislodged from the bed. This velocity increase with time is indicative of reduced intergranular forces as the particle travels over the bed. The particle position and velocity figures were generated for the other analyzed and can be found in Roarty ͑2001͒.
The phase lead of the particle velocity over the free stream is evident in Figs. 11 and 12. The time of peak fluid velocity was compared with the timing of peak particle velocity. Table 3 shows average phase lead of the particle velocity over the bottom orbital velocity for Runs 3, 9, 12, and 13. The average of all analyzed runs has the particle leading the free stream velocity by 24°with a standard deviation of 22°. The high standard deviation is due to the turbulent nature of the boundary layer as well as the random nature of the bed ͑Sleath 1978͒. Also, sampling at 10 Hz limited the resolution of the measurements to between 12 and 18°.
Runs 12 and 13 had the largest amount of particle movement that could be analyzed. Run 12 had a total of 190 particle velocity observations while Run 13 contained 273 velocity observations. So the decision was made to focus the rest of the analysis on Runs 12 and 13. The particle velocity data were analyzed to determine how the motion of the particles phased with the bottom orbital velocity. The fluid velocity record was divided into 30°bins. The zero upcrossing of the bottom orbital velocity was set as 270°. The particle velocities were then placed in one of the 12 corre- sponding velocity bins. The average particle velocity for each angular bin of Run 12 is shown in Fig. 13 and that of Run 13 is shown in Fig. 14 . One standard deviation error bars are also placed over the graph. As seen from the figures, there is large variance in particle velocity when the fluid velocity is near a maximum, which is due to the turbulent nature of the boundary layer. The standard deviation of the particle velocities decreases as the fluid velocity passes through zero, indicating the lack of energy available to move the sediment as all sediment motion halts.
Discussion

Shields Diagram
According to Shields ͑1936͒, for a bed load of uniform grain size and angular shape, the points of S * versus cr should yield a single curve. A sediment sample with a uniformity coefficient A less than 2 is generally considered uniform. The uniformity coefficient for all runs described in this experiment was equal to 1, therefore all particle samples used were considered uniform. Other initiation of motion experiments, such as Young and Sleath ͑1988͒ and Silvester and Mogridge ͑1971͒, have not found that Eq. ͑3͒ clearly delineates the region of motion and no motion. Young and Sleath used sediment of median diameter d 50 between 0.2 and 1.07 mm and Silvester and Mogridge used sediment of median diameter of 0.42 and 0.58 mm. Neither mentioned the type of grain size distribution used in their experiments, however the spread of their data across Eq. ͑3͒ could be due to the fact that the uniformity coefficient for their sediments was above 2. This reaffirms Yalin's call for the depiction of upper and lower bounds to differentiate the initiation of motion criteria based upon grain size distribution.
Comparison with Sleath Model
Sleath ͑1978͒ made measurements of bed load at each instant of the wave cycle. An oscillating tray of sediment was used to create the bed load movement. Tests were carried out with gravel, sand, and nylon pellets with equivalent sphere diameters of 4.24, 1.89, and 3.04 mm, respectively, and specific gravities of 2.61, 2.58, and 1.14, respectively. A motion picture camera was used to film the particles crossing from the central section to the smooth downward slope. The film was analyzed by counting individual particles to determine the quantities of sediment carried off of the central section. The quantities of sediment were grouped into intervals of 1 / 20th of a wave cycle while this experiment grouped sediment into intervals of 1 / 12th of the wave cycle.
Sleath developed the following equation for the transport rate of sand and gravel as a function of time:
where q s ͑t͒ = volume of sediment transported per unit width of bed per unit time ͑meter 3 / meter second͒; Q s = mean volume of sediment transported per unit width of bed per unit time, averaged over a half wave cycle ͑meter 3 / meter second͒; and s = phase lead of sediment transport over the free stream velocity ͑radians͒. Sleath's value for s varied between 0 and 45°. The fact that s lies between 0 and 45°suggests that inertial forces are not important since inertial forces are 90°out of phase with the velocity.
A function with similar time dependence to Eq. ͑12͒ was fit to the data. The phase lead of the particle movement over the free stream velocity was varied to obtain the best fit of the curve to the data. The results of the curve fitting are shown in Figs. 13 and 14 .
The equation of the curve shown in Fig. 13 is u s ͑t͒ = 8.7 cm s cos 3 ͑t + 33.5°͉͒cos͑t + 33.5°͉͒ − 0.38 cm s
͑13͒
The equation of the curve shown in Fig. 14 is 
͑14͒
Both equations possess a mean velocity toward the wave maker, likely due to the return current that existed during the runs. The phase lead of the particle movement over the free stream velocity from the regression was 33.5°for Run 12 and 23.5°for Run 13. These values are in agreement with Sleath ͑1978͒, who found values for the phase lead of the particles over the free stream velocity to be between 0 and 45°. They are also close to the phase leads calculated from the particle peak velocity 14. Graph of average particle velocity and regression curve for run 13; 1 SD error bars are shown with data points instances of 24.7°for Run 12 and 22.4°for Run 13. The phase lead for Run 12 using the regression method seems high when compared to Run 13 and the data of Sleath.
Other Findings
Williams ͑1990͒ found bed load sediment with a median grain diameter of 0.4 mm moved at approximately 0.5u b . For this experiment, bed load with a median grain diameter of 2 mm moved at 0.2u b .
Grant and Madsen ͑1982͒ gave an expression for the response time of a sediment particle under waves
͑15͒
where t r , the response time ͑s͒ = time required for the particle to reach 90% of its steady state velocity. The response time for a 2 mm particle is 0.05 s. This corresponds to a 7°delay of the sediment motion behind the bottom shear stress for the particles of Run 12 and an 8°delay for Run 13. This would place the bottom shear stress 40.5°ahead of the free stream velocity for Run 12 and 31.5°ahead for Run 13. These findings would be in agreement with those of Rankin ͑1997͒ who found values between 22 and 51°for the phase lead of the bottom shear stress over the free stream velocity, for waves having periods between 1.5 and 3 s.
Conclusions
A laboratory study was conducted to measure bed load sediment transport under oscillatory flow conditions. Bottom orbital velocity was measured with a SonTek ADV while the position of individual particles was recorded on video. Consecutive frames of video were converted into digital images and software was used to track particle position and calculate particle velocity. Conclusions are summarized as follows. 1. A modified Shields curve is a valid predictor for the initiation of motion of particles having a uniform size and shape under oscillatory flow; 2. Bed load sediment particles, 2 mm in diameter, lead the free stream velocity within a range 20-35°; and 3. Bed load particle velocity under waves can be modeled as u s = u sm cos 3 ͑t + s ͉͒cos͑t + s ͉͒
